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Softening processAbstract Conventional water-softening processes usually involve the exchange of Na+ ions for
Ca2+ and Mg2+ using commercial or synthesized ion exchangers. The differences in chemical com-
positions of the ooids can be attributed to the formation in different environments. In this paper,
ooid grains form inside assembled semi-pilot softening unit through a continuous chemical process
involving reaction between bicarbonate ions and added lime using natural seawater. Our sample of
Mediterranean seawater has low Mg2+/Ca2+ ratio (1.98%) within the range chemically favorable
for precipitation of low-Mg calcite ooids. Precipitation of calcite occurs around pure quartz sand
grains which act as nucleation points (the bed required for sand vessel is 1.65 l). The shape of
the sand grains controls the overall external morphology of the resulting ooids; they vary in size
from 0.5 to 3.0 mm and have a high degree of polish due to surface abrasion caused by continuous
agitation inside the softening system. Calcite ooid grains (1.53 kg) formed within the seawater-soft-
ening unit every 18 days have many of the ooid features formed in marine environments. Ooids
grow to a signiﬁcant size, at a rate of about 0.17 mm of one layer thickness per day inside the soft-
ening unit. The average weight percent of calcite precipitate is 35.48% after 18 days, at 10 C, 60 l/min
and pH 9.0. The pellets comprise mainly CaCO3 and SiO2 and some metal ions which may
substitute for calcium ions in calcite are present only in trace amounts of the total composition.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian PetroleumResearch Institute.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction
The original mineralogy of calcium carbonate components in
marine settings is almost exclusively either calcite or aragonite.Because aragonite is unstable with respect to low-magnesium
calcite, aragonite components transform to calcite via dissolu-
tion-precipitation processes early in the diagenetic history of
most sequences. Ooids are spherical or ellipsoid coated sedimen-
tary grains of calcium carbonate, there have been examples of
ooids that are 16 mm in diameter [1], but usually less than
2 mm in diameter [2]. Ooids sometimes are made up of iron- or
phosphate-based minerals and usually formed on the sea ﬂoor,
most commonly in shallow tropical seas. The interior of an ooid
Table 1 Interstitial seawater chemistry, at a low temperature,
10 C.
Parameters Marsa Matrouh Damietta Ain Sukhna
pH 7.8 8.1 8.4
Total hardness, mg/l 7280 7565 7850
Turbidity, NTU 1.98 2.4 2.2
TOC, mg/l 2.8 3.1 3.3
Mg2+, mg/l 1203 1377 735
Ca2+, mg/l 608 412 231
HCO3
, mg/l 328 265 275
20 A.A. Bakr et al.is usually composed of a nucleus, which is surrounded by a cor-
tex of calcite or aragonite crystals that are arranged radially, tan-
gentially or randomly. The nuclei that are introduced into a
suitable turbulent location to keep them in suspension and
supersaturatedwater in calcium carbonatewill take a short lived
inorganic precipitation on their surfaces of CaCO3 and the pre-
cipitation is stopped by the addition of Mg2+ or H+ onto the
surface [3]. The formation of ooids was effected by CO3-concen-
tration. For ooids to form successfully the CO3-concentration
need to be above 0.002 mol/l and below 0.0167 mol/l. When
CO3-concentration was above 0.0167mol/l the ooids formed
an amorphous mass, while below 0.002 mol/l only aragonite
needles or poor ooids were formed [4]. Organic coating on the
nuclei give a faster and longer precipitation, while using oxidized
quartz show a much slower and shorter precipitation [3]. Most
ooids are formed in water less than 2 m deep, but wave agitation
and tidal movements may be effective than water depth itself [5].
Ooids are classic indicators of agitated, shallow water tropical
sedimentation [6]. Ooids can form in quiet waters, but organic
CaCO3 precipitation is needed for them to form and these ooids
will show radial crystals [7]. Water current at different ﬂow
speeds (5 cm/s and10 cm/s)was kept in suspensionby thiswater,
and in other experiments involving horizontal shaking and tum-
bling motion, the ooids were non-existent or more like those
formed in non-agitated water in the presence of organic com-
pounds, as the produced cyclic membranes of high-molecular
weight humic acids (M.W., 15000–50000) in laboratory-grown
quiet-water ooids, and the membranes formed during burial.
The largerwater current increases precipitation rates of different
nuclei, but the change of precipitation time depends on nuclei
type [3]. Numerical modeling on ooid formation gave a higher
ooid radius in higher velocity ﬂows and a smaller ooid radius
with decreasing velocity and they did not include the impact of
ooids to limit size [1]. The chemical growthmechanism of calcite
concretion from an industrial water-softening process was
represented by a continuous chemical process involving reaction
between carbonate/bicarbonate ions from incoming borehole
waters and added lime precipitated calcite around silica sand
grains which act as nucleation points. The process is based upon
the removal of bicarbonate ions from solution as a precipitate of
calcium carbonate by the addition of lime (CaO) [8]. In this
paper, we report on the chemical formation of the calcite ooids
in assembled semi-pilot softening unit with different ﬂow rate
speeds (20, 40 and 60 l/min) to keep it in suspension by these
water velocities and this unit is located at the Egyptian
Petroleum Research Institute (EPRI). This study illustrates the
chemical conditions prevailing during their formation.2. Materials and methods
2.1. Analysis of seawater samples
The feed seawater samples to our semi-pilot unit in EPRI were
natural samples obtained from an open-intakes in the
Mediterranean Sea in Marsa Matrouh city (440 km from
Cairo city), Damietta city (200 km from Cairo city) and the
Red sea in Ain Sukhna city (120 km from Cairo city). The
physicochemical analysis of the raw seawater samples at tem-
perature 10 C was determined by a Spectrophotometer,
LaMotte, model SMART Spectro, USA and is presented in
Table 1.2.2. Semi-pilot softening unit
A semi-pilot softening unit located in EPRI was designed
according to the schematic diagram in Fig. 1 to meet the objec-
tives of the study. The unit works in closed cycle and consists
of one water tank, 60 l. The chemical treatment included the
injection of lime (CaO) in the make-up water line (chemical
feeding by dosing pump, 5 l/7 bar). A one feeding water pump
(stainless steel 304, 20–60 l/min, 5 bar max) is used to supply
water to softening vessel. This vessel is constructed using a
ﬁberglass reinforced polyester resin for standard water
conditioning use with speciﬁc sizes of 7 inch diameter and
17 inch height, maximum operating pressure 150 psi, maxi-
mum operating temperature 49 C, full-bed capacity 13.2 l
and the top opening of this vessel 2½ inches. The bed capacity
in liters required for media softening vessel is 1.65 l. This vessel
is manually controlled. Service ﬂow rates of the softening pro-
cess are 20, 40 and 60 l/min at 10, 15 and 20 C during normal
operation in lpm/sqft for sand. Two ﬂow meters are present to
measure seawater in and out softening media vessel and to
measure the difference before and after softening process to
determine the accurate time to have drawn off the ooid pellets
from softening vessel. Finally, the semi-pilot softening unit was
controlled by electrical control panel.
2.3. Softening media
The granular softening media applied in the vessel of this unit
is quartz sand which is used as ﬁlter media operating succes-
sively. The maximum bed capacity of the vessel required to
be ﬁlled is 13.2 l. The bed required for sand vessel is 1.65 l with
an effective size: 0.45–0.55 mm [9]. Filter media used in our
semi-pilot unit for the softening process of seawater are shown
in Fig. 2.3. Results and discussions
3.1. Softening process description
The seawater pH range of the softening unit is between 8.0 and
9.5. Temperatures vary by no more than 0.5 C and range
between 10 and 20 C. The hardness (in HCO3) is relatively
high (328 mg/l for Marsa Matrouh sample), Table 1. The addi-
tion of lime (CaO) is to remove the bicarbonate ions from solu-
tion as a precipitate of calcium carbonate. The addition of lime
increases the pH and the OH content of the softening unit.
Bicarbonate is removed through consumption of OH ions
as a precipitate of calcium carbonate in which the calcium ions
Fig. 1 Schematic diagram of the semi-pilot softening unit.
Fig. 2 Pictures of sand softening media and formed calcite ooids: typical sizes, shapes and external appearance.
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addition of lime. The seawater sample enters the vessel where it
reacts with lime. The pH of the unit controls the overall pro-
cess and is constantly monitored. The pH of the solution
was measured with a pH meter (Mettler-Toledo AG 8603
Schwerzenbach, made by Mettler-Toledo Group). The pH
meter was calibrated with buffers of pH 4.0 and 7.0 before
any measurement. When pH reaches a higher value of 9.5 of
predetermined, more lime was injected by a dosing pump.
The calcium carbonate was precipitated around sand grains
as crystalline concretions. This is achieved through the peri-
odic introduction of ﬁne-grains of sands (with effective size:
0.45–0.55 mm) in the softening vessel which act as nucleation
points for calcium carbonate precipitation.
The pellets are formed through agitation in the continuous
ﬂow of softening vessel and water tank in closed cycle. When
the formed pellets grow in size, they sink to the base of the
softening vessel and more ﬁne grain sands are added after they
are drawn off periodically. The height of pellets in the soften-
ing vessel is controlled by the difference in the tow ﬂow meters
(before and after softening process). According to the service
ﬂow rates of softening process (20, 40 and 60 l/min), theamount of softening water processed varies and 1.53 kg of
dry weight of calcite ooid pellets is removed from the softening
unit every 18 days with decreasing velocity ﬂow rates in the
order 60, 40 and 20 l/min and smaller ooid radius is formed.3.2. Operating variables of semi-pilot softening unit
The effects of physicochemical parameters, including
Mg2+/Ca2+ ratio, temperature, pH, degree of supersaturation
and seawater ﬂow velocity on the precipitation of calcite have
been studied extensively.
3.2.1. Magnesium and calcium ratio effect
The lowering of the Mg2+/Ca2+ ratio to the value below two
is the cause of calcite versus aragonite sea formations [10,11].
Seawaters with Mg2+/Ca2+ <2 facilitate the precipitation of
low-magnesian calcite marine ooids and submarine carbonate
cements whereas seawaters with Mg2+/Ca2+ >2 facilitate the
precipitation of aragonite and high-magnesian calcite [12]. In
this study, Table 1 describes that Mg2+/Ca2+ ratios for
natural samples obtained from different open-intakes in the
Fig. 3 Inﬂuence of Mg2+/Ca2+ ratios on weight percent of
calcite precipitate through the softening process period.
Fig. 4 Variation of weight percents of calcite precipitates with
temperatures through softening process period.
Fig. 5 Variation of weight percents of calcite precipitates with
seawater pH at different times of softening process.
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and the Red Sea in Ain Sukhna City are 1.98%, 3.34% and
3.2%, respectively. The Mg2+/Ca2+ ratio for seawater sample
of Marsa Matrouh is within the favorable chemical range for
the precipitation of low-Mg calcite ooids and exactly appropri-
ate for this study. The ooids were drawn off from the softening
unit and dissoluted in 2 M HCl. The Mg2+/Ca2+ ratio of
selected calcite ooid grains was determined by a Spec-
trophotometer, LaMotte, model SMART Spectro, USA.
Fig. 3 represents the inﬂuence of Mg2+/Ca2+ ratios in the
three seawater samples on the weight percents of calcite pre-
cipitates through softening process period. This ﬁgure indi-
cates that seawater sample from Marsa Matrouh City had a
Mg2+/Ca2+ ratio <2, so the average weight percent of calcite
precipitates in the ﬁrst day is 1.97% and after 18 days the
precipitate percentage is 35.48%. On the other hand, the
Mg2+/Ca2+ ratios of the two seawater samples from
Damietta and Ain Sukhna locations are >2 and the average
weight percents of calcite precipitates in the ﬁrst day are 1.02%
and 1.07% and after 18 days the precipitate percentages are
18.44% and 19.33%, respectively. Experimental data indicate
that the mineralogy of inorganically precipitated carbonates
may be controlled by the Mg2+/Ca2+ ratio of seawater.
3.2.2. Temperature effect
Precipitation of nonskeletal marine carbonates, with aragonite
favored at higher temperatures and calcite at lower tem-
peratures [13,14]. For example, calcite precipitation at a
temperature of 20 C takes place in seawater of Mg2+/Ca2+
ratio of 1, while at 30 C, calcite only forms at Mg2+/Ca2+
ratio of <1 [14]. Because calcium carbonate scale begins
precipitation at lower temperatures [15], the temperatures
applied in this study were 10, 15 and 20 C. The average
Mediterranean seawater temperature is 19 C and in extremes
of January is 13.5 C and August is 26 C [16] it is possible that
some precipitation of ooids is still taking place during the
summer months, along this high-temperature shoreline. At
the present time, ooids are forming in the Red Sea-Gulf of
Suez area in southern Egypt, although water temperatures
have a few degrees higher there [17].
Fig. 4 describes that the inﬂuence of temperature on weight
percent of calcite precipitates through the period of softeningprocess for Marsa Matrouh seawater sample, was more
effective. The average weight percents of calcite precipitates
at 10, 15 and 20 C in the ﬁrst day are 1.97%, 1.81% and
1.63% and after 18 days precipitate percentages are 35.48%,
32.11% and 27.44%, respectively.
3.2.3. pH effect
The pH of seawater is usually in the range from 7.7 to 8.3 in
surface waters and the formation of the alkaline scales
CaCO3 strongly depends on pH [15]. The surface seawater
can probably maintain a high degree of carbonate supersat-
uration, if pH remains near 8.0, and equilibration will occur
only if pH is raised considerably [18] and it appears that most
surface waters of the world are supersaturated [19]. Most cal-
cite growth studies so far have been performed at a constant
pH of ca. 8 or 10 [20,21]. The pH range used in a pellet reactor
was investigated for water softening which was between 8.5
and 9.5 [22]. It will encounter difﬁculties beyond pH range in
the operation for timing study. If the pH value is higher than
9.5, carbon dioxide will be absorbed from air to mess up the
measurement of growth rate. On the other hand, the growth
rate will be very slow at a pH below 8 because the concentra-
tion of CO3
2 is too low [23]. Fig. 5 represents that the pH
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The weight percentages of calcite precipitate values increase
with increasing seawater pH in the studied range (8.0–9.5).
Between pH 8.0 and 8.5, there is a slight increase in the calcite
precipitates, reaching a maximum at pH 9.0 which smoothly
increases again upon reaching a predetermined value of pH
9.5 and then the value decreases to pH 8.0 by more lime injec-
tion using dosing pump.
3.2.4. Flow velocity effect
The correlation between ﬂow velocity and precipitation rate
depends on different variables such as the water depth and
some theoretical and experimental works indicate that the ﬂow
velocity can indeed act as a direct causal control on precip-
itation rate, at least under turbulent ﬂow conditions [24]. It
can be seen that the calcite precipitation rate in ﬂowing water
is more than four times larger than in stationary water.
Obviously, an increase in the velocity of water ﬂow will result
in a decrease in the static pressure, so the water pressure is
lower in moving ﬂuid than in stationary ﬂuid. The solubility
of a gas in water decreases with increasing ﬂow velocity.
Therefore, dissolved gases can diffuse more quickly from ﬂow-
ing water than from stationary water. On the other hand, fast
ﬂowing water not only induces turbulence which can cause
more effective collision between dissolved ions and therefore
accelerate chemical reactions, but also reduces the thickness
of diffusion boundary layers, which accelerates the mass trans-
fer and thus increases calcite deposition rate [24]. Some models
that simply assume a linear relationship between ﬂow velocity
and calcite precipitation rate were developed [25,26]. Enhanced
precipitation under a higher ﬂow velocity because of the
reduced volume/surface ratio, caused by shallowing, itself
enhances CO2 degassing, and therefore leads to increased
calcite precipitation and agitation of the surface can also facili-
tate degassing [24]. Finally, the calcite precipitation rate is
increased when the supersaturated solution ﬂows over an
obstruction, leading to a growth instability that causes the
formation of layers [27].
Fig. 6 shows that, the inﬂuence of ﬂow velocity on weight
percent of calcite precipitates through the period of softening
process for Marsa Matrouh seawater sample seems to be of
high importance in controlling the precipitation rate under dif-
ferent velocities. Initially, the reduction in velocity causes
reduced precipitation percents and the average weight percents0 20 40 60 80
Fig. 6 Variation of weight percents of calcite precipitates with
ﬂow velocities through the softening process period.of calcite precipitates at 20, 40 and 60 l/min in the ﬁrst day are
0.87%, 1.45% and 1.97% and after 18 days the precipitates
percentages are 16.11%, 19.98% and 35.48%, respectively.
3.3. Calcite growth rates
Natural seawater sample from Marsa Matrouh
(Mg2+/Ca2+ < 2) in a water tank (60 l) passes with higher
velocity ﬂows 60 l/min through the softening vessel at a lower
temperature of 10 C and between pH range 8.0 and 9.5. The
full-bed capacity of softening vessel is 13.2 l (34.584 kg) of
quartz sand grains with height 17 inch (43.2 cm) and the bed
capacity in liters required for media softening vessel is 1.65 l
(4.323 kg) with height 2.13 inch (5.4 cm). The residence time
of individual calcite ooid pellets inside the softening vessel is
about 18 days and in that time they grow from 0.5 to
3.0 mm with an average size of 1.76 mm diameter. This
approximates to a rate of 0.17 mm per day of one layer
thickness. Average 2.235 l (5.856 kg) with height 2.89 inch
(7.34 cm) of calcite ooid pellets are produced every 18 days.
This corresponds to an average precipitation of 1.534 kg
calcite from seawater tank every 18 days (85.2 g/day). A height
of about 2.0 cm of calcite ooids in softening vessel every
18 days (1.0 mm/day) was obtained and it does not restrict
the softening process through the operating period. To main-
tain the calcite growth rate in our semi-pilot softening unit,
we must change the seawater from the water tank everyday.
The number of internal concentric growth bands ranges from
4 to over 17 with an average of about 6. This is close to the
average number of times every 18 days; the lime is automati-
cally added to the softening unit to maintain the necessarily
high pH conditions. It is inferred, therefore, that the banding
is formed by chemical process.
3.4. Analytical methods
Ooids were examined and microphotographed initially by a
light Olympus model SZ stereomicroscope attached to a digital
camera, Fig. 1b. Ooids were then soaked and solidiﬁed in
epoxy to prepare chips for thin section examination. Thin sec-
tions were examined and photographed with a Leica DMLS
microscope attached to digital camera, Fig. 7a,b. Few ooids
were then partially cracked and microphotographed with a
Scanning Electron Microscope (SEM) model JEOL JFM
5300, Fig. 8a,b. Then about two grams of calcite ooids was
crushed in agate mortar to a very ﬁne powder size and ana-
lyzed in X-ray diffraction (XRD) model X’s PRT PRO,
Fig. 9. Chemical analyses of the solutions (before and after
softening process) and digested ooids were made and deter-
mined by a Spectrophotometer, LaMotte, model SMART
Spectro, USA.
3.5. Characterization of formed calcite ooids
3.5.1. Morphology and external appearance
The stereomicroscopic examination revealed that calcite ooids
are well rounded, vary in the external shape between spherical
and slightly egg-shaped depending on the quartz sand shape
[9]. Their color ﬂuctuates between milky white and yellowish
and occasionally light brown. The ooids are well sorted and
ranged in size from 0.5 to 3.0 mm (average size = 1.76),
Fig. 7 Photomicrographs of calcite ooid thin section formed through seawater softening process.
Fig. 8 SEM micrographs of calcite ooids formed through seawater softening process.






Fig. 9 XRD spectrum of calcite ooids formed through seawater
softening process.
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and can therefore be classiﬁed as calcite ooids.3.5.2. Compositional features and internal structures
The examination of the thin section of artiﬁcially consolidated
ooids illustrated that the sand nuclei are rather well rounded
and well sorted. The nuclei are of different compositions(quartz or other calcareous hard parts), however the majority
of them in our study are composed mainly of quartz, Fig. 7a.
Each sand nucleus is skinned with thin layers of calcite,
Fig. 7b. This thin ﬁlm layer is composed mainly of columnar
calcite crystals, which are arranged side by side to each other.
Each layer is uniform in thickness throughout its extension
around the nucleus and its average thickness is 0.17 mm per
day of one layer. The layers of each ooid are almost identical
in thickness; however some internal layers in several ooids
were noticeably thinner than the outer ones. The layers range
in number between 4.0 and 17.0 layers in one ooid with an
average of about 6. The layers are separated from each other
by very thin surfaces of darker materials.
Broken ooid pieces were examined by a Scanning Electron
Microscope (SEM). The layers appeared to be parallel to each
other and uniform in thickness. The exposed surfaces of the
earlier layers are smooth and even. No pits, small grain inclu-
sion or other impurities were noticed, Fig. 8a. The nucleus of
calcite ooid is sand and has smooth surface, Fig. 8b.
3.5.3. Chemistry and mineralogy
Differences in chemical and mineralogical compositions of
ooids can be attributed to formation in different environments,
and/or to diagenetic alterations of the original material. For
the interpretation of the chemical and mineralogical properties
of the ooids, it is important to elucidate the processes of ooid
formation based on petrographic features such as the
Seawater-softening through calcite ooids 25composition of the nucleus, ooid shape and size, and thickness
of the lamination. Fig. 9 represents chemical and mineralogical
analyses of the produced calcite ooids. XRD analysis supports
the spectrophotometer results and conﬁrms that the ooid
pellets are composed essentially of low magnesium calcite.
These pellets are comprised mainly of calcium carbonate
(CaCO3) and silicate (SiO2) and some metal ions which may
substitute for calcium ions in calcite [28], but present only in
trace values of the total composition.4. Conclusions
In this paper, calcite ooid grains were formed inside assembled
semi-pilot softening unit through a continuous chemical
process involving reaction between bicarbonate ions and
added lime using natural seawater samples. The feed seawater
samples to our semi-pilot unit in EPRI were natural samples
obtained from three locations of open-intakes; Marsa
Matrouh City, Damietta City and Ain Sukhna City. The
granular softening media applied in the vessel of this unit is
quartz sand. The bed required for sand vessel is 1.65 l with
effective size: 0.45–0.55 mm. The chemical growth of calcite
concretion was represented with different ﬂow rate speeds
(20, 40 and 60 l/min) to keep it in suspension by these water
velocities at 10, 15 and 20 C and seawater pH range of the
softening unit is between 8.0 and 9.5. Many of operating
variables like Mg2+/Ca2+ ratio, temperature, pH, degree of
supersaturation and seawater ﬂow velocity affect the precip-
itation of calcite around the quartz sand nuclei.
The Mg2+/Ca2+ ratio of Marsa Matrouh sample is within
the favorable chemical range for precipitation of low-Mg
calcite ooids (<2.0) and exactly appropriate for this study.
The calcite begins precipitation at lower temperatures, so the
suitable temperature applied in this study was 10 C.
Between pH 8.0 and 8.5, there is a slight increase in the calcite
precipitates, reaching a maximum at pH 9.0. The weight
percents of calcite precipitates increased at higher ﬂow velocity
(60 l/min).
The residence time of individual calcite ooid pellets inside
the softening vessel is about 18 days and in that time they grow
from 0.5 to 3.0 mm diameter with an average rate of 0.17 mm
of one layer thickness per day. Average precipitate of 1.534 kg
calcite (85.2 g/day) was produced. The number of internal
concentric growth bands ranges from 4 to over 17 with an
average of about 6.
Depending on quartz sand shape, the stereomicroscopic
examination revealed that produced calcite ooids are well
rounded, vary in the external shape between spherical and
slightly egg-shaped and their color ﬂuctuates between milky
white and yellowish and occasionally light brown.
Experimental data conﬁrmed that the calcite ooids are com-
posed essentially of low magnesium calcite and these pellets
are comprised mainly of calcium carbonate and silicate.Acknowledgments
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